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Abstract-The performance and accuracy of a number of prop- 
agative algorithms are compared for the simulation of tapered 
high contrast step index slab waveguides. The considered methods 
include paraxial as well as nonparaxial formulations of optical 
field propagation. In particular attention is paid to the validity 
of the paraxial approximation. To test the internal consistency 
of the various methods the property of reciprocity is verified 
and it is shown that for the paraxial algorithms the reciprocity 
can only be fulfilled if the paraxial approximation of the power 
flux expression using the Poynting vector is considered. Finally, 
modeling results are compared with measured fiber coupling 
losses for an experimentally realized taper structure. 
1. INTRODUCTION 
HE REALIZATION of cost effective and highly perfor- T mant laser diode or 111-V semiconductor optical wave- 
guide to single mode fiber coupling arrangements is a major 
research topic in optoelectronics. The rectangular laser geom- 
etry and the circular shape of the fiber in combination with 
the discrepancy in refractive index contrast between core and 
cladding (510% compared to about O S %  for laser and fiber 
respectively), leads to an order of magnitude difference in 
laser and fiber spot size. Hence, direct butt coupling between 
laser and fiber leads to intolerable insertion losses of typical 
IO dB. Matching both spot sizes to each other reduces the 
coupling loss. This can be done using lensed fibers whether 
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or not in combination with a spot size transforming element 
acting directly on the laser beam. Microlens systems are 
conventionally used for this purpose. The resulting packaging 
cost is large for these nonintegrated mode expansion optics. 
A more attractive approach consists of integrating a spot 
size transformer with the laser waveguide. An example of an 
integrated mode adapter is a tapered waveguide. 
The experimental realization of tapered waveguides and 
lasers has been reported quite extensively in the literature for 
the last few years, see for example [I]. The technological pro- 
cesses involved require complicated growth techniques, like 
shadow mask growth or selective growth, or difficult etching 
processes, e.g., dynamic etching or diffusion limited etching. 
It is therefore important to have an accurate and powerful 
modeling tool or design criterion aLble to predict the influence 
of different geometrical parameters on the performance of 
the taper. Due to the gradual change of the refractive index 
profile in the propagation direction there is a continuous power 
transfer between the guided mode and the radiation field, 
unless the taper is (almost) adiabatic. A simple design criterion 
for adiabatic tapering is readily available [ 2 ] .  A more detailed 
analysis is, possible by for example the coupled mode theory, 
which is commonly used for the analysis of grating devices, 
but is sometimes cumbersome when applied to tapered devices 
[3]. The bleam propagation method (BPM) on the other hand 
is widely used to model various kinds of waveguides. More 
complicated adiabaticity criteria require a propagative analysis 
anyway Pi]. 
In this paper we address the applicability of different 
propagative schemes in the case O F  tapered high contrast step 
index slab waveguides, i.e., only one transverse dimension 
and the propagation direction are taken into account. The 
waveguides under consideration have index profiles which 
may be regarded as typical for the vertical cross section of state 
of the art tapers. As long as, in the three dimensional taper, the 
horizontal guiding structure and spot size are relatively broad 
over the whole taper length, the modeling of the vertical cross 
qection only is able to predict accurately the vertical beam 
properties [5].  
The presented work was done in the framework of the 
COST 240 project “Techniques of Modeling and Measuring 
Advanced Photonic Telecommunication Components.” Eight 
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TABLE I 
OVERVIEW OF ALL PARTICIPANTS IN THE MODELING EXERCISE A S D  DETAILS OF THE IMPLEMENTED METHODS. THE 5th COLUMN LISTS THE CHOICE OF 
REFERENCE INDEX FOR THE PARAXIAL METHODS. THE UNIVERSITY OF TWENTE USED 770 = 3.18 IN THE SEMI  C A S E  AND 17," = 3.20 I N  THE 
AIR CASE.  W H E N  7Zo = l Z r ~ ,  i n ,  THE EFFECTIVE INDEX ( U P  TO T W O  DIGITS AFTER THE FLOATING POINT) OF THE LOCAL FUNDAMENTAL 
MODE Kr THE WAVEGUIDE INPUT SIDE IS TAKEN AS A REFERENCE. THE ( X )  SYMBOL INDICATES INCOMPLETE TM RESULTS 
I Participant I Equation 
Univ Twente Fresnel 
Univ Porto 
"I 
Thomson-CSF 
AAR-UCL 
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Numerical method Boundary condition I (BCI 
FD-BPM 
FD-BPM 
FD-BPM 
FD-BPM 
FE-BPM 
Transparent 
Transparent 
Absorber 
Transparent 
Window functions 
MOL-BPM Absorbing BC 
Absorber 
Window functions 
AIR 
1 .o 
t 
3.17 --f - 
_ _ _ _ _ _ _ _ - - - - _  3 17 
1 0  = 0 1" or 1 .O" 
-- - 3.3 
. -  
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i = 1  55pm only TE 
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Fig. 1. Schematic view of the SEMI and AIR tapers 
different laboratories participated. The simulations cover both 
paraxial and nonparaxial propagation, finite difference meth- 
ods and eigenmode expansion techniques. For a number of 
linear tapers with different index contrast and opening an- 
gle, the calculated power loss of the fundamental mode is 
compared. To test the internal consistency of the different 
propagation schemes, the reciprocity of the propagation is 
verified. In order to allow for comparison between simulation 
and experiment the fiber butt coupling losses of a taper 
structure fabricated and characterized by the Heinrich Hertz 
Institute is calculated. 
11. OVERVIEW OF THE PROPAGATION METHODS 
From eight different contributions, there were five algo- 
rithms based on the paraxial approximation and three non- 
paraxial algorithms, relying on modal expansion techniques. 
Hence, it will be possible to address the problem of the 
validity of the paraxial approximation for the modeling of 
tapered high contrast step index waveguides. An overview 
of the participating institutions and implemented methods is 
listed in Table I. 
A. Paraxial Algorithms 
All paraxial algorithms are finite difference methods (FD- 
BPM) that solve the scalar Fresnel wave equation for the 
dominant field component (EY for TE polarization or Hy for 
TM, the coordinate system is defined in Fig. 1). The only 
exception is the finite element (FE-BPM) method of Alcatel 
Alsthom Research-University College London (AAR-UCL), 
which accounts for the full vectorial components of the mag- 
netic H field. Fresnel's wave equation follows from the 
Helmholtz equation (see Section 11-B) by introducing a ref- 
erence propagation factor exp( - , jPoz),  with PO the reference 
propagation constant, and by making the slowly varying 
envelope approximation (SVEA). All algorithms use direct 
Crank-Nicolson discretization of the paraxial wave equation 
[ 6 ] ;  no split step finite difference schemes [7], which are 
usually applied in the three dimensional case, are considered. 
Hadley' s transparent boundary conditions are applied [8 ] in 
most cases. 
The University of Twente implements the SVEA with higher 
order corrections using a perturbation technique [9], [lo]. In 
this way the differences between the reference propagation 
constant ,BO and the varying propagation constant of the local 
fundamental mode can be compensated at the expense of 
some computing time. Applying the second order correction 
increases for instance the computing time by almost a factor 
of two. One might argue that the inclusion of the higher 
order correction terms in the algorithm results in a nonparaxial 
solution. 
The algorithm of the University of Porto, based on [ 111, uses 
an adaptive reference propagation constant. At each propaga- 
tion step a new value of BO is calculated by overlapping the 
propagating field $(x, z )  with the local normal modes cpi(z) 
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TABLE I1 
GEOMETRICAL PARAMETERS OF THE DIFFERENT 
TAPER STRUCTURES SEMI AND AIR OF FIG 1 
5.73 
AIR 0.8 0.4 229 
22.9 
of the waveguide [12] 
Incorporating this technique into a standard BPM algorithm in- 
troduces some mode expansion (see Section 11-B) aspects into 
the calculation. In this way, a kind of hybrid formulation of 
the BPM is obtained. The algorithm of Heinrich Hertz lnstitute 
uses a similar adaptive reference propagation constant. 
Thomson-CSF has implemented the standard finite differ- 
ence BPM without any correction for the reference propagation 
constant. 
The three dimensional algorithm of Alcatel Alsthom 
Research-University College London is based on a vectorial 
H field formulation [13] because the magnetic field is 
continuous across the boundaries in dielectric media. For 
the two dimensional taper simulations, arbitrary electric or 
magnetic walls were introduced to reduce the problem by 
one dimension. A finite element based discretization scheme 
is used in the transverse dimensions and a Crank-Nicolson 
finite difference discretization in the propagation direction. 
The mesh was chosen linear in the guide and logarithmic in 
the cladding layers. 
B. Nonparaxial Algorithms 
The nonparaxial approximation solves the scalar Helmholtz 
equation for the dominant field component. As long as piece- 
wise constant refractive index profiles are considered and the 
correct boundary conditions for the different field components 
are taken into account, this equation describes exactly the 
field propagation for both TE and TM polarizations. The 
basic approximation made is therefore the discretization of 
the continuous taper profile into a staircase refractive index 
distribution. Different discretization efforts will be considered 
to address this problem. 
It is seen in Table I1 that two different algorithms were 
used: the Method of Lines BPM (Mol-BPM) and the mode 
expansion propagation method (MEPM). The MOL-BPM was 
implemented by the University of Hagen; the MEPM by the 
IREE Prague and the University of Gent. 
The MOL-BPM is an eigenmode propagation algorithm 
which solves directly the Helmholtz equation. The full wave 
equation is solved analytically on lines in the propagation 
direction and discretised in the transverse directions using 
finite differences. There are no restrictions on the refractive 
index steps. Radiation modes are taken into account using 
absorbing boundary conditions [ 141. At discontinuities a point 
matching, of the tangential field components takes place by 
considering reflected modes [ 151. Taper structures can be 
analyzed using a staircase approximation of the structure 
or by calculating in cylindrical coordinates [16], [17]. The 
cylindrical coordinate system has the advantage that the taper 
profile itself does not need to be discretized. However, since 
the straight waveguide sections at input and output have to 
be described in the Cartesian coordinate system the matching 
of the field profile at the interfaces between both coordinate 
systems complicates matters. 
In the MEPM [18], [19] no discretization (the lines in the 
MOL-BPM) in the transverse coordinate is needed. Instead, the 
propagating field is decomposed into the guided modes of the 
waveguide and a well chosen set of radiation and evanescent 
modes. This corresponds to a discretization in the wavevector 
space. The discretization is performed by enclosing the wave- 
guide stnicture in a metallic box for TE modes or a magnetic 
box for 'TM modes. The reflection of radiation modes [20] 
at these artificial boundaries can be eliminated by introducing 
an absorbing region in their neighborhood [l8] or by using 
window functions [4]. The use of an absorber (as implemented 
by IREE Prague) requires a complex mode solver while in 
the window function approach (University of Gent) all modes 
have a pure real or pure imagtnary propagation constant. 
In the implementation of the bidirectional algorithm care is 
taken of the noncoherent reflections only. At each vertical 
interface the reflection coefficients for the different modes 
are calculated, but the modes are not propagated backward. 
This approximation excludes eventual interference effects of 
the reflected fields. In tapered waveguides this approximation 
is valid, to the contrary of the case of, e.g., a grating assisted 
coupler device. 
111. 1)ESCRIPTION OF THE LINEAR TAPER STRUCTURES 
The tapers under consideration are schematically shown in 
Fig. 1 and Table I1 summarizes the geometrical parameters of 
the different structures. The taper profile is linear in all cases 
with a pure real refractive index distribution. Two opening 
angles of 0.1" and 1.0" are considered and the cover is either 
semiconductor material (labeled SEMI) or air (labeled AIR). 
There is a factor of two thickness reduction between input and 
output section, which is practically achievable by, e.g., shadow 
mask growth. The taper is excited by the local fundamental 
mode at the input side at a wavelength of 1.55 pm and carrying 
unit power. All tapers are single nioded. Simulations are done 
both for TE and TM polarization, except for the air cover case 
where only the TE case is considered since the waveguide 
does not support a guided TM mode at the output. The TE 
modal profiles at the different iniput and output sections are 
plotted in Fig. 2 .  The corresponding TM field profiles cannot 
be distinguished from their TE counterparts. 
The power content of the local fundamental mode at half 
the taper length and at the output ,are calculated. To verify the 
internal consistency of the various methods the principle of 
reciprocity is tested. If the local fundamental mode is launched 
with unit power at the left side of the taper in Fig. 1, then 
at the output, the local fundamental mode carries a power 
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SEMI: TE field Profiles AIR: T f  field Profiles 
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Fig. 2. TE modal field profiles at input, halfway and output cross sections of the SEMI (a) and AIR (b) tapers depicted in F i g .  1 
TABLE 111 
SUMMAKY OF THE FUNDAMENTAL MODE POWER LOSS VALUES 0 AS OBTAINED BY THE DIFFERENT PARTICIPANTS FOR THE TE MODE PROPAGATION IN THE SEMI  
TAPERS. AN INDlCATION OF TIIE DISCRETIZATlON EFFORT IS ALSO LISTED. I N  THE -\-,y CELL FOR AAR-UCL FIRST THE 1%'~ -FORWARD IS GIVEN AND THEN THE 
-BACKWARD VALUE. THE ASTERISK IN THE MEPM RESULTS DENOTE THAT .\-A STANDS FOR THE NUMBER OF MODES INSTEAD OF THE TRANSVERSE DISCRFTIZA'rION 
ISEM1 I 0 = 0.1" 
0.70 2.50 
0.70 2.72 
0.68 2.69 
3P-m 
Backward 
a(L/2) a(L) 
[%I [%'.I 
2.42 2.70 
2.42 2.70 
2.50 2.50 
2.42 2.13 
2.50 2.50 
2.42 2.72 
2.42 2.69 
2.42 2.69 
100 
100 
1061 
573 
115 
50 
200 
20 -
1 - a ( L )  where a ( L )  represents the power loss of the guided 
mode due to the propagation through the taper structure. If 
one excites the same taper at the opposite side with the local 
fundamental mode again carrying unit power, then the power 
content aPter counter propagation will again be 1 ~ a@).  The 
total fundamental mode power loss is therefore independent of 
the propagation direction. It should be stressed that reciprocity 
cannot give information about the power distribution at any 
intermediate z position. 
TV. NUMERICAL RESULTS 
In this section an overview of the numerical results for all 
simulated tapers is given. The power losses of the TE polarized 
fundamenlal mode in the SEMI case are listed in Table 111. It is 
seen that most results agree very well with each other, leading 
to a calculated power loss of a ( L )  = 2.7% for B = 0.1" and 
of a ( L )  : 8.8% for H = 1.0". The a ( L )  results from HHI 
and AAR-UCL seem to give a slightly underestimated total 
power loss for the lower raper angle, while for the larger one a 
small asymmetry with respect to the reciprocity is noticed. The 
e=  1.00 
L = 5.13 p n  
Fonvard Backu/ard 
a(L/2) a(L) a(L/2) a@) 
[%I 1% [%I ["/.I 
1.54 8.82 3.45 8.81 
1.54 8.81 3.44 8.81 
1.60 8.90 3.60 8.80 
1.54 8.82 3.46 8.82 
1.60 8.59 3.39 9.22 
1.55 8.81 3.45 8.81 
1.53 8.78 3.45 8.78 
1.53 8.82 3.44 8.82 
field propagation for the B = 0.1" case, forward propagation 
is plotted in Fig. 3. The fl = 1.0" taper is too short to be able 
to broaden the field profile. 
Unforrunately not all participants were able to perform the 
TM simulations, see Table IV. From the paraxial algorithms 
the University of Twente, Thomson-CSF and AAR-UCL 
provided all results. The Twente and Thomson results are 
in good agreement with the MOL-BPM, using the Cartesian 
coordinate system, and MEPM (IREE and Gent) calcula- 
tions. The Mol-BPM and AAR-UCL results show a small 
asymmetry in the reciprocity test. Loss figures are higher for 
TM propagation compared to TE propagation: a ( L )  = 3.4% 
(+0.7%) for 0 = 0.1" and a ( L )  = 9.1% (+0.3%) for 
Q = 1.0". The result of the University of Porto (0 = l . O o ,  
forward propagation) overestimates the power loss, while the 
AAR-UCL simulations show for both taper angles a small 
deviation from the nominal values. The different loss figures 
for the SEMI tapers are graphically compared in Fig. 4. 
The simulations on the last example (AIR case, only TE 
polarization) are summarized in Table V and Fig. 5.  There 
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SEMI: PE field Propagation AIR: Tf Field Propagation 
w 
0 10 20 30 40 50 60 0 50 100 Y!50 200 250 
z kunl Z b l  
(a) (b) 
Fig 7 Contour plot of the TE field propagahon for the 6 = 0 1" case for the SEMI (a) and AIR (b) tapers The piopagatlon direction 17 in both 
cases the forward direction The plots were obtamed by the Gent-MEPM usmg S O  propagation steps and 51 modes for the SEMI case dnd 60 mode5 
for the AIR case The waveguide/air interface is clearly visible 
TM 
Twente 
Porto 
Thomson 
AAR-UCL 
Hagen 
Gent' 
IREE* 
a(L/2) a(L) 
[%I [%I 
0.82 3.37 
0.81 3.39 
0.78 3.17 
0.81 3.39 
0.81 3.37 
0.82 3.37 
a(U2) 
[%I [%I 
2.64 3.40 
2.64 3.40 
2.73 3.17 
2.69 3.45 
2.63 3.37 
2.63 3.37 
- 
Nz 
- 
100 
573 
115 
50 
2w 
20 -
i s  again a good agreement between the different modeling 
methods, although the mutual variations are somewhat larger 
than for the SEMI case. The modal power losses are a(L)  = 
3.4% for 4 = 0.1' and u(L)  = 17.8% for 0 = 1.0". For 
0 = 0.1", the paraxial algorithms are not able to fulfil the 
reciprocity criterion exactly. The loss figures of HHI and 
Hagen, using the cylindrical coordinate system, seem to give 
an upper limit for the power losses. The field evolution for 
6' = 0.1" is drawn in Fig. 3. 
V. DISCUSSION 
A. Applicability of Paraxial Algorithms 
It was clear from thc description of the paraxial methods in 
Section 111 that some algorithms take care extensively of the 
choice of the reference propagation constant Po;  the algorithm 
of the University of  Porto allows for example explicitly for 
a z dependent Po [see (l)]. In a down tapered waveguide 
the local fundamental mode propagation constant decreases 
1,s Forward- 
a ( . w  W) 
' [%I I"/.] 
1.61 9.15 
1.95 9.70 
1.59 9.13 
1.60 9.43 
1.60 9.15 
1.59 9 10 
1.60 9 1 3  
73 w 
Backward 
a(L/2) a(L) 
[%I [%I 
3.53 9.14 
3.53 9.15 
3.62 9.64 
3.58 9.20 
3.52 9.10 
3.52 9.13 
10 
10 
57 
23 
50 
200 
20 -
2048 
2500 
1024 
120/170 
3 24 
50 
51 
monotonically in the propagation direction. The difference 
in modal propagation constant between input and output 
cross sections of the taper depends on the dimensions of the 
respective cross sections and on the transverse index contrast. 
A large corekladding index contrast can result in a significant 
decrease in propagation constant arid can therefore complicate 
the choice of the reference propagation constant PO. At first 
sight it is not obvious whether this problem appears in the case 
of the semiconductor tapers under consideration. 
If the fundamental mode and radiation modes couple to 
and fro, the correct propagation of the radiation modes is 
of importance. If the effective indices of the radiation modes 
differ too much from that of the fundamental mode, errors 
may be introduced as the reference index is mainly adapted 
to the effkctive index of the fundamental mode. However, 
the numerical results in Tables 111-V have shown that the 
paraxial methods cope successfully with the taper problem. 
More extensive simulations of the University of Twente have 
revealed that the inclusion of the higher order correction ternis 
to the SVEA do not influence the basic result. It can be shown 
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SEMI: 8 = 0.1 O, TE Polarisation 
4 
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S I  5 2 0.5 
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Twente Porto Berlin Thomson AAR-UCL Hagen Praha Gent 
Forward TE BackwardTE I 
SEMI: 8 = 1. Oo, TE Polarisation 
Twente Porto Berlin Thomson AAR-UCL Hagen Praha Gent 
FonvardTE 0 BackwardTE 
(a) 
Fig. 4 Bar chart representation of the loss figures for the fundamental mode power at the output of the SEMI tapers. (a) TE case 
[lo] that the error in the propagation constants due to the 
application of the SVEA are, for the standard FD-BPM 
where = ,&/ko stands for the background index and neff 
is the correct mode effective index. This assumes that both the 
step size AZ and the transverse discretization are sufficiently 
small. The deviation An,R reduces including the second order 
correction terms to 
( n e R  - n")j 
n; 
ang = -0.06 
Taking a worst case scenario and putting netf = 3.233861, 
which is the highest effective index of the exercise occurring at 
the input section of the AIR taper, and no = 3.17, the substrate 
index, gives Ang = 6.4 x 
The deviation An,$ is indeed small and including the second 
and Arbs = 6.3 x 
order correction should lead to a very accurate solution. The 
formulas (2) also reveal that good accuracy can be achieved 
only if the propagation can be well described by one single 
mode for which no can be chosen close to  ne^. 
Furthermore, the Thomson BPM does not apply any cor- 
rection to the propagation constant. Hence, the fundamental 
mode propagation in typical 111-V semiconductor single mode 
tapers can be described by paraxial formalisms. It might be 
surprising at first glance that this conclusion still holds for 
the AIR case. However, since the substrate index again equals 
3.17, the variation of the propagation constant of the local 
fundamental guided mode throughout the taper covers almost 
the same interval as in the SEMI case. 
B. Discretization Effort 
Tables 111-V give also an indication about the numerical 
effort for all methods. The transversal discretization N, and 
the number of propagation steps N,, which coincides with the 
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SEMI: 8 = 0.1 O, TM Polarisation 
I ForwardTM BackwarddM I 
SEMI: 8 = l .Oo, TM Polarisation 
Forward TM BackwardTM 
(b) 
Fig. 4. (Continued.) Bar chart representation of the loss figures for the fundamental mode power at the output of the SEMI tapers: (b) TM case. 
longitudinal staircase approximation of the tapered waveguide, 
are listed. In case of the nonparaxial mode expansion tech- 
niques N ,  stands respectively for the number of modes (IREE 
and Gent) or for the number of lines. It is apparent that N,  
scales with the taper angle for the paraxial algorithms, while 
the number of propagation steps is generally independent of 
0 in the nonparaxial cases. Comparing the discretizations of 
IREE and Gent for the SEMI case it follows that the mode 
expansion results converge very fast as a function of N,.  
This means that a rough discretization of the taper profile 
approximates well enough the physical wave propagation, 
provided that the paraxial propagating part of the radiation 
field is well described. It is also noticed that the algorithms 
of the Universities of Twente and Porto use a rather large 
propagation step and a dense transverse discretization, while 
HHI and Thomson-CSF propagate with very small steps 
and apply a rougher z discretization. The propagation step 
used by AAR-UCL is an order of magnitude larger than the 
propagation step of the Universitilx of Twente and Porto. 
C. Power Calculation and Recipnxity 
for  Paraxial Propagation 
It is well known [ 121 that the paraxial wave equation does 
not conserve the longitudinal power flux per surface unit as 
defined by (Poynting vector) 
but conserves instead the quantity 
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AIR 
TE? 
Twente 
Porto 
"I 
Thomson 
AAR-UCL 
Hagen 
IREE* 
Gent* 
TABLE V 
SUMMARY OF THE FUNDAMENTAL MODE POWER LOSS VALUES n AS OBTAIhED BY THE DIFFERE~T PARTICIPANTS FOR THE TE MODE PROPAGATION IN THE AIR TAPERS 
AN INDICATION Ob THE DISCRETIZATION EFFORT IS ALSO LISTED IIL THE \-,\ CELL FOR AAR-UCL FIRST HE ivx FORWARD IS LISTED AND THEN THE ~li'x -BACKWARD 
VALUE THE ATTERISK IN THh MEPM RESULTS DENOTE THAT \-A STANDS FOR THE NUMBER OF THE MODES INSTEAD OF THE TRANSVERSE DISCRETIZATION 
e = 0.10 
L = 229 p n  
Forward Backward 
[%I [%I [%I [%'.I 
a(W2) a(L)  a(L/2) a ( L )  N ,  
0.01 3.19 3.29 3.36 400 
0.07 3.30 3.26 3.40 400 
0.00 3.30 3.40 3.50 4241 
0.03 3.46 3.32 3.39 2290 
0.07 2.50 2.05 1.83 558 
0.02 3.64 3.58 3.64 60 
0.03 3.40 3.34 3.40 200 
0.09 3.48 3.36 3.48 100 
AIR: 8 = 0. I O, TE Polarisation 
Twente Porto Berlin Thomson AAR-UCL Hagen Praha Gent 
I Forward TE 0 Backward TE I 
AIR: 8 = l .OO, TE Polarisation 
20 , L n - c n  . 
Twente Porto Berlin Thomson AAR-UCL Hagen Praha Gent 
Fig 5 Bar chart representation of the loss figures for the fundamental mode power at the output of the AIR tapers 
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Fig. 6. 
propagation steps and 51 modes for the SEMI case and 60 modes for the AIR case. 
TE power evolution for the 8 = 0.1' case for the SEMI (a) and AIR (b) tapers. The results were obtained by the Gent-MEPM 
for TE polarization and 
for TM polarization. One should use the integrals (4) to 
calculate the power content of a propagating field at a certain 
longitudinal position. Especially, the power transfer between 
input and output sections has to be calculated using (4), where 
(El and (HI stand for the magnitude of the local fundamental 
mode. This is also the case when doing a unidirectional mode 
expansion propagation [21]. It should be noted that the SVEA, 
which neglects the second order z derivative in the wave 
equation, excludes backward propagating waves. 
Formula (3) reduces, in case of the propagation of a single 
TE polarized mode, to 
where Ey represents the local mode electric field component. 
Equation ( 5 )  is proportional to (4) with the propagation 
constant as waveguide dependent proportionality factor. Com- 
parison of (4a) with (5) also leads to the insight that (4a) 
can be considered as a paraxial approximation of (3) or (5) 
where the variation of the propagation constant /3 is neglected. 
Calculating the power transfer from input to output using (5) ,  
the ratio between the propagation constants at input and output 
section is introduced. It follows directly from (5) that 
where the prime denotes power calculation using the Poynting 
vector. Hence the reciprocity criterion cannot be fulfilled if 
the power transfer is calculated with (3) or (5). The property 
of reciprocity reduces in this case to the observation that the 
ratio of the forward and backward power transfer 
using 200 
depends 
only on the respective waveguide cross sections at input and 
output and is independent of the connecting waveguide, as 
expressed mathematically by (6). The ratio (6) in the case 
of the SEMI taper equals 0.993 as can be readily obtained 
from the calculated propagation constants at input and output 
sections. 
D. Power Evolution Through the Taper 
The power content of the TE fundamental mode as a 
function of propagation distance calculated by mode expansion 
is plotted in Fig. 6 for the SEMI and AIR 6' = 0.1' tapers. It 
is observed that due to the reciprocity of the propagation, the 
end points of solid and dashed curves coincide. Furthermore, 
the curves describing the forward propagation show that, 
especially for the AIR taper, power losses start to increase 
rapidly for smaller taper thicknesses when the waveguide 
mode comes close to cut off. This is also suggested by the 
values of the power losses at half the taper length, see Tables 
111-V. For a waveguide near cut-off, the mode is guided by a 
high index region which is very thin compared to the mode 
size. A small thickness variation will therefore have a dramatic 
influence on the mode shape and mode width and will imply 
a considerable radiation loss [4]. 
The power evolution in the backward AIR case shows 
an oscillatory behavior. The considerable power loss of the 
fundamental mode at the beginning of the taper results in a 
strong coupling between the guided mode and the radiation 
spectrum. The coupling distance for power exchange from 
guided mode to radiation modes and back to the guided mode 
is about 70 pm as can be read from Fig. 6. In Fig. 7 the 
modulus of the overlap integral between the guided mode at 
z = 0 pm and the radiation modes at z = 35 pm is plotted 
as a function of the effective index of these radiation modes. 
The overlap integral is taken over the 20 pm wide calculation 
window (5  pm air cladding). The maximum overlap integral 
equals 0.18 for an effective radiation mode index of 3.1657 
and the centre of the high overlap peak lies around 3.161. 
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Fig. 7. Coupling between the guided mode and the discretised radiation 
spectrum for the A I R  0 = 0.1' backward case. The modulus of the 
overlap integral between the guided mode at input and the radiation modes 
at z = 35 p m  is plotted. 
The guided mode has an index of 3.1837 which leads to a 
coupling length of 
1.55 pm 
= 68 pm (7) - 
2T x 
A@ An,R 3.1837 - 3.161 
L = - = -  
which corresponds with the observed coupling length on the 
power plot of Fig. 6. 
VI. C O M P A R I S O N  WITH A FABRICATED TAPER STRUCTURE 
Three of the above mentioned two dimensional propagative 
methods (the HHI FD-BPM and the MEPM of IREE and 
Gent) were used to calculate the losses of a waveguide taper 
recently fabricated at the Heinrich Hertz Institute [22]. It 
consists of a buried rib waveguide (rib width 3 pm, rib height 
0.1 pm, film layer thickness at the waveguide port 0.72 pm, 
A, = 1.06 pm material) which is linearly tapered down over 
a length L,  such that at the taper end only a strip waveguide 
of the width and height of the rib is left (Fig. 8). The mode 
transformation is stabilised by thin guiding layers above and 
below the waveguide. 
The vertical cross section was represented by the corre- 
sponding slab waveguide. The coupling loss to a slab equiva- 
lent of a single mode fiber (8.7 pm thick symmetric slab with 
1.4650A.4694 claddingkore index contrast) was calculated 
and measured. For a taper of length L = 1000 pm the 
calculations of the different groups yielded 0.6 dB (HHI), 1.6 
dB (IREE) and 1.45 dB (Gent). The calculation parameters 
and the results are summarized in Table VI. The measured 
loss of the fabricated taper was found to be 1.5 dB and the 
calculations yielded losses of 0.6 dB (HHI), 1.0 dB (IREE) 
and 0.85 dB (Gent). Both experimental and calculated losses 
do not include the Fresnel losses at the interface between taper 
end facet and fiber. The Fresnel loss can be estimated by 
the effective indices of the local fundamental modes of the 
taper output section and the fiber to be 0.6 dB. This reflection 
loss has been compensated for in the results of the algorithms 
of IREE and Gent, which include noncoherent reflections. A 
contour plot of the field propagation is given in Fig. 9. 
/----.- InGaAsP 
chi 
chip port fibre port 
Fig. 8. Schematic view of the experimentally realized taper structure. 
TABLE VI 
DIFFERENT PARTICIPANTS FOR THE TE MODE PROPAGATION N THE 
SUMMARY OF THE SINGLE MODE FIBER COUPLING LOSSES OBTAINED BY THE 
EXPERIMENTAL TAPER. AN INDICATION OF THE DISCRETIZATION EFFORT IS ALSO 
LISTED. THE ASTERISK IN THE MEPM RESULTS DENOTE THAT Nx STANDS FOR 
THE NUMBER OF THE MODES INSTEAD OF THE TRANSVERSE DISCRETIZATION. 
THE LAST COLUMN MENTIONS THE IMPROVEMENT INCOUPLING EFFICIENCY 
COMPARED TO THE UNTAPERED DEVICE (CROSS SECTION OF THE CHIP PORT) 
Coupling loss 
"I 0.6 1M)o 1024 4.4 
IREE* 1 .o 4 . 0  
4 . 1 5  Gent* 0.85 
Measurement 1.5 3.8 
100 71 
Experimental Taper: 1E field Propagation 
4 F '  4 
-6 1 ,  . , . , . , . , . , i  
0 200 100 600 800 loo0 
h l  
Fig. 9. Contour plot of the TE field propagation through the experimentally 
realized taper structure. The plot shows the G e n t - M E P M  propagation with 100 
propagation steps and 71 radiation modes. The z = 0 pm position corresponds 
to the interface between chip port and taper, as illustrated in Fig. 8. 
The coupling loss of the untapered device was measured 
to be 5.3 dB and was calculated by a simple slab mode 
overlap calculation to equal 5.0 dB, thus ignoring Fresnel 
reflection loss. The improvement in coupling efficiency was 
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therefore measured to be 3.8 dB. The simulated results esti- 
mate 4.4 dB (“I), 4.0 dB (IKEE) and 4.15 dB (Gent) for 
this improvement. 
The loss of a waveguide taper is the sum of the loss due 
to mode transformation and to mode mismatch. Especially the 
evaluation of mode mismatch needs calculation of the fields in 
the physical two dimensional cross section so that comparison 
with the slab taper structure cannot be very accurate. There- 
fore, simulation of taper structures emphasise the necessity of 
full three dimensional propagation calculations. 
VII. CONCLUSION 
In this paper the applicability of different propagative al- 
gorithms for the modeling of tapered high contrast step index 
slab waveguides was assessed. The work has been done in the 
framework of the European COST 240 project “Techniques of 
Modeling and Measuring Advanced Photonic Telecommuni- 
cation Components”. Eight different laboratories participated 
in the modeling exercise. 
The different algorithms covered both paraxial and non- 
paraxial propagation techniques. All paraxial BPM’s were 
implemented using a finite difference based formulation of the 
scalar Fresnel wave equation. The nonparaxial schemes solved 
the Helmholtz equation by method of lines BPM or full mode 
expansion techniques. The numerical results showed that all 
methods mastered the propagation through the different taper 
structures and were able to prove numerically the reciprocity 
of the propagation. It was also verified that the application 
of high order correction terms to the slowly varying envelope 
approximation was not needed to improve the accuracy of 
the paraxial algorithms. The mode expansion methods, which 
are the natural methods to solve periodic and segmented 
waveguide problems [23],  have proven their usefulness for the 
simulation of waveguides with continuously varying refractive 
index profile. 
Furthermore, the way the power content of a propagating 
mode has to be calculated in the case of the paraxial wave 
equation has been discussed. More in particular, the relation 
between the choice of power flux expression and its conse- 
quences on the principle of reciprocity has been elaborated. 
Finally, a comparison has been made between calculated 
and measured fiber butt coupling loss. One may argue that an 
absolute comparison between measured and calculated fiber 
coupling loss, using two dimensional propagation methods, 
is difficult. Three laboratories participated in the modeling 
and it turned out that the improvement in coupling efficiency 
compared to the untapered device could be predicted rather 
accurately. In the simulations, the fabricated taper was repre- 
sented by its vertical cross section. 
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